it has a stronger phototoxic effect than UVA, because DNA shows an absorption maximum at about 260 nm with an absorption tail in the UVB region.
3) Thus, solar UVB has many adverse effects on human skin, including cancer, immunosuppression, erythema, hyperpigmentation, and photoaging. [4] [5] [6] [7] [8] [9] [10] UVB radiation that penetrates the epidermis stimulates keratinocytes to produce inflammatory cytokines, such as interleukin (IL)-1, IL-10, and tumor necrosis factor (TNF)-a. [11] [12] [13] This UVB-induced IL-10 and TNF-a production leads to immunosuppression, 14, 15) and TNF-a also contributes to apoptotic death of keratinocytes. 16) In addition, UVB radiation induces DNA damage, such as formation of cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts, 17) and if the damage is irreparable, cells undergo apoptosis. 18) Another UV-induced biological effect is melanogenesis in melanocytes. 19) Melanin biosynthesis is catalyzed by three melanocyte-specific enzymes: tyrosinase, TRP-1 and TRP-2.
20 ) The expression of these enzymes is strongly regulated by microphthalmia-associated transcription factor (MITF). 21, 22) The extracellular signal-regulated kinase (ERK) signaling cascade, which plays a crucial role in cell proliferation and differentiation, also participates in down-regulation of MITF. [23] [24] [25] Among the above three enzymes, tyrosinase is the rate-limiting enzyme in melanin biosynthesis and catalyzes the hydroxylation of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) and oxidation of DOPA to dopaquinone. 26) Though melanin plays a crucial role in the prevention of UVinduced skin damage, 27) overproduction and accumulation of melanin are associated with hyperpigmentation problems, such as formation of freckles, melasma, and ephelides. 28) As life expectancy increases, lifetime UV exposure will also increase, and so there is increasing interest in agents that can protect the skin from UV radiation or control pigmentation.
Various heterocyclic pyrimidine compounds have been synthesized for screening of at first antibacterial and herbicidal activity. 29) However, from novel strategic studies, these compounds have been elucidated to have a variety of biological activities, including promotion of neurite outgrowth, 29) neuronal differentiation, 30) and astrocyte differentiation, 31) suppression of neuronal apoptosis, 32) regeneration of injured peripheral nerves, 33) fracture repair, 34) angiogenesis, 35, 36) and superovulation, 37) etc. On the other hand, the effects of the compounds on skin damage induced by UVB radiation have not been investigated. In the present study, we examined the effects of five heterocyclic pyrimidine compounds on UVBinduced damage to human keratinocytes (HaCaT cells) and on melanogenesis in mouse B16 melanoma cells.
MATERIALS AND METHODS

Reagents
The following antibodies were used for TNF-a assay: purified anti-mouse TNF-a mAb (1F3F3D4), biotinconjugated anti-mouse TNF-a mAb (MP6-XT22), and recombinant mouse TNF-a were purchased from eBioscience (San Diego, CA, U.S.A.).
For assay of tyrosinase activity in cell-free system, mushroom tyrosinase and L-DOPA were obtained from Wako Pure Chemicals Co., Ltd. (Osaka, Japan).
For Western blotting, the primary antibodies used were anti-MITF antibody (ab13703) (Abcam, Cambridge, U.K.), 31) 2-piperidino-4-(2-oxo-pyrrolidino)pyrimidine hydrochloride (MS-210), 31) and 2-p-ethylpiperidino-7-methyl-6-oxo-5,6-dihydro(7H)pyrrolo [2,3-d] pyrimidine maleate (MS-861), 29) were gifts from Mitsui Pharmaceuticals, Inc., Japan. The chemical structures of these compounds are shown in Fig. 1 .
Cell Culture Human epidermal keratinocyte HaCaT cells (kindly provided by Dr. K. Takeda) and mouse B16 melanoma cells were cultured in Dulbecco's modified Eagle's medium (DMEM, Wako Pure Chemicals Co., Ltd., Osaka, Japan) containing 10% heat-inactivated FBS, 100 units/ml penicillin G and 100 mg/ml streptomycin with 5% CO 2 at 37°C. For experiments, HaCaT cells were seeded on a 35 mm dish and mouse B16 melanoma cells were seeded on a 48-well plate, a 6-well plate, or a 60 mm dish.
Cell Viability of HaCaT Cells Cytotoxicity of MS compounds to HaCaT cells were determined by means of lactate dehydrogenase (LDH) assay. MS-818 and MS-820 were dissolved in phosphate buffered saline (PBS) and then adjusted to an appropriate concentration with culture medium. Other MS compounds were first dissolved in only a little ethyl alcohol and then adjusted to an appropriate concentration with culture medium. After incubation, culture supernatant was collected and centrifuged at 3000 rpm for 3 min. The supernatant were subjected to the assay. LDH activity was determined colorimetrically with a Cytotoxicity Detection Kit (Roche Applied Science, Indianapolis, IN, U.S.A.). Cytotoxicity and viability were calculated in accordance with the manufacturer's instructions.
UVB Irradiation and Treatment with MS Compounds A UVB lamp (HP-30LM; Atto Co., Japan) with 280-320 nm emission peaking at 312 nm was used. The UVB fluence rate was simultaneously measured and integrated using a radiometer (UVX-31; UVP, Inc., U.S.A.) with a 310 nm detector placed at the same distance from the UVB source as the cells.
HaCaT cells were grown in a 35 mm dish to confluence and treated with different concentrations of MS compounds in DMEM culture medium 1 h before or immediately after UVB irradiation. The cells were exposed to UVB (10-100 mJ/cm 2 ) through the DMEM culture medium (1 ml/ 35 mm dish). UVB-irradiated cells were incubated with DMEM culture medium in 5% CO 2 at 37°C for 12 h and 24 h.
Cell Viability of B16 Melanoma Cells The effect of MS-818 on the proliferation of B16 melanoma cells was determined by means of MTT assay. B16 melanoma cells were seeded in a 48-well plate at a density of 5ϫ10 3 per well and allowed to attach for 24 h. Then the cells were incubated in fresh medium containing various concentrations of MS-818 for 72 h. After incubation, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solution was added to each well at a final concentration of 0.05%. After further incubation for 4 h, stop solution (10% sodium dodecyl sulfate (SDS) in 0.1% HCl) was added to each well and incubation was continued for another 18 h. Then, the cell viability were estimated in terms of the absorbance at 590 nm.
Chromatin Condensation To investigate the effects of MS-818 on UVB-induced apoptosis, changes in the nuclear morphology of cells undergoing apoptosis were detected by staining with the DNA-binding fluorochome Hoechst 33342. HaCaT cells were cultured on a glass coverslip, treated with MS-818 and UVB-irradiation and incubated for 12 h. After the incubation, the cells were washed with PBS twice and fixed in methanol overnight at Ϫ20°C, then stained with 10 mg/ml Hoechst 33342 for 10 min at room temperature. Coverslips were observed with a fluorescence microscope, and the numbers of apoptotic nuclei in fields of 200 cells were counted.
Enzyme-Linked Immunosolvent Assay (ELISA) Procedures Production of TNF-a in HaCaT cells was measured by ELISA. At 24 h after UVB irradiation together with preor post-treatment with MS-818, culture supernatants of HaCaT cells were collected and stored at Ϫ80°C until ELISA for measurement of TNF-a production.
Flat-bottomed 96-well Maxisorp plates were coated with purified TNF-a mAb overnight at 4°C. The primary mAb was removed, and the wells were washed 3 times with wash buffer (0.05% Tween 20 in PBS), then blocked with blocking buffer (1% bovine serum albumin (BSA) in PBS) for 1 h at room temperature. The wells were washed 3 times, then 100 ml aliquots of standard (recombinant mouse TNF-a) and sample were added to each well, and the plates were incubated for 2 h at room temperature. The plate was washed 3 times with wash buffer, then biotin-labeled TNF-a mAb was added, and incubation was continued for 1 h at room temperature. The solutions in the wells were removed and the wells were washed 5 times with wash buffer. Next, 100 ml of avidin-HRP was added to each well, and the plate was incubated for 30 min at room temperature. The color reaction was quenched with stop solution (50 ml, 2.5 M H 2 SO 4 ). The absorbance at 450 nm was measured with a spectrofluorophotometer (RF-1500: Shimadzu, Japan) and sample concentration was determined from the absorbance with reference to a standard curve. The determination range was 1.0-62.5 pg/ml, and samples were appropriately diluted to obtain a concentration within this range.
Melanin Content B16 melanoma cells were seeded in a 6-well plate at a density of 2.5ϫ10 4 cells per well and allowed to attach for 24 h. Then the cells were incubated in fresh medium containing 100 mM MS-818 for 72 h. After incubation, the cells were washed with PBS and detached by means of a short incubation with ethylenediaminetetraacetic acid (EDTA). After centrifugation, the cell pellets were photographed and solubilized in 100 ml of 1 M NaOH at 80°C for 1 h. The melanin contents were estimated from the absorbance at 405 nm, and values were corrected for the amount of proteins.
Assay of Tyrosinase Activity in Cell-Free System A cell-free system was used to investigate the direct effects of MS-818 on tyrosinase activity. Eighty microliters of 0.1 M Na phosphate buffer (pH 7.0) containing MS-818 (final concentration: 10, 50 and 100 mM) was mixed with 20 ml of 200 U/ml mushroom tyrosinase, and incubated for 10 min. After incubation, 50 ml of 5 mM L-DOPA was added. Incubation was continued for 10 min at 37°C, then the absorbance was measured at 490 nm.
Western Blotting B16 melanoma cells were treated with 100 mM MS-818 or MS-820 for 72 h. After treatment, the cells were washed with cold PBS twice and lysed in cold lysis buffer (10 mM HEPES-NaOH pH 7.4, 1% Triton X-100, 5 mM 2Na-EDTA, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 1 mM sodium o-vanadate) containing protease inhibitor cocktail. Proteins (30 mg per lane) were separated by means of 10% SDS-PAGE and transferred to a nitrocellulose membrane. The membranes were blocked with 1% BSA in TBS-T buffer. MITF, tyrosinase, ERK and pERK were detected with anti-MITF antibody (dilution 1 : 1000, anti-tyrosinase antibody (dilution 1 : 1000), anti-rat ERK1/2 antibody, and anti-phosphorylated-ERK1/2 antibody, respectively. The nitrocellulose membrane was further incubated with anti-rabbit IgG HRP-conjugated antibody and antimouse IgG-HRP.
Bound antibodies were detected using ECL Western blotting detection reagents according to the manufacturer's instructions. Equal loading was confirmed using anti-b-actin antibody to normalize the amount of total protein.
Statistical Analysis Data are presented as meanϮS.E. The significance of differences was evaluated by means of ANOVA and p values of less than 0.05 were considered statistically significant. Fig. 2 , MS-818 and MS-820 showed low cytotoxicity even at 500 mM, whereas the other compounds exhibited high cytotoxicity. Therefore, we focused on MS-818 and MS-820 for further examination.
RESULTS
Cytotoxicity of MS Compounds to HaCaT Cells
Dose-Dependent Effect of UVB on Viability of HaCaT Cells Changes in HaCaT cell viability after UVB irradiation (10-100 mJ/cm 2 ) were examined by means of LDH 864 Vol. 33, No. 5
Fig. 2. Cytotoxicity of MS Compounds to HaCaT Cells
HaCaT cells were incubated with different concentrations of each compound for 24 h and a part of the medium was collected for LDH assay. The activity is expressed as a percentage of the total content determined by lysing an equal amount of cells with 1% Triton X-100. The data represent the meanϮS.E. of 3 independent experiments. * (pϽ0.05), * * (pϽ0.01), * * * (pϽ0.005) indicates significant differences compared with the control.
Fig. 3. Dose-Dependent Effect of UVB on Viability of HaCaT Cells 24 h after Irradiation
HaCaT cells were exposed to UVB at doses ranging from 10 to 100 mJ/cm 2 , and the cell viability was examined at 24 h post-irradiation. LDH activity is expressed as a percentage of total content determined by lysing an equal amount of cells with 1% Triton X-100. The data represent the meanϮS.E. of 3 independent experiments. * (pϽ0.01) and * * (pϽ0.005) indicates significant differences compared with the control. assay. As shown in Fig. 3 , the viability of HaCaT cell was dose-dependently reduced by UVB-irradiation, reaching 50% at the highest dose of 100 mJ/cm 2 .
Effects of Pre-and Post-treatment with MS-818 or 820 on Viability of HaCaT Cells 24 h after UVB Irradiation
HaCaT cells were treated with MS-818 or MS-820 before or after UVB-irradiation (50 mJ/cm 2 ) at concentrations of 50, 250, and 500 mM. At 24 h post-irradiation, the viability of the cells was evaluated. As shown in Fig. 4 , pre-treatment with MS-818 significantly and dose-dependently blocked the UVB-induced decrease of cell viability. Post-treatment with MS-818 was ineffective, except at the highest dose of 500 mM.
In contrast, neither pre-nor post-treatment with MS-820
Fig. 4. Effects of Pre-and Post-treatment with MS-818 or -820 on Viability of HaCaT Cells 24 h after UVB Irradiation
HaCaT cells were irradiated with UVB at a dose of 50 mJ/cm 2 . The cells were treated with MS-818 or MS-820 at concentrations of 50, 250 and 500 mM before or after irradiation. The data represent the meanϮS.E. of 3 independent experiments. # (pϽ0.05) indicates a significant difference compared with the non-irradiated control group and * (pϽ0.05), * * (pϽ0.01), * * * (pϽ0.005) indicate significant differences compared with the UVB-irradiated group. HaCaT cells were irradiated by UVB at a dose of 100 mJ/cm 2 . The cells were treated with MS-818 at the concentration of 50, 250 or 500 mM before or after irradiation. After 24 h incubation, a part of the medium was used for TNF-a assay. The data represent the meanϮS.E. of 3 independent assays. # (pϽ0.05) indicates significant differences compared with the non-irradiated control group. * (pϽ0.05), * * (pϽ0.01), and * * * (pϽ0.005) indicate significant differences compared with the UVB-irradiated group. Tyrosinase activity. Tyrosinase activity was measured using L-DOPA and mushroom tyrosinase. The amount of generated dopaquinone was determined by measuring the absorbance at 490 nm. Tyrosinase activity is expressed as a percentage of the control value (taken as 100%). Each value represents the meanϮS.E. of 3 independent assays.
had any significant effect (data not shown). Thus, we focused on MS-818 in subsequent experiments except for the experiment on "Effect of MS compounds on protein expression of MITF and tyrosinase."
Effect of MS-818 on Morphological Changes in HaCaT Cells Induced by UVB Irradiation
To investigate the effect of MS-818 on UVB-induced apoptosis, we examined chromatin condensation, a typical apoptotic feature, by staining HaCaT cells with Hoechst 33342. As shown in Figs. 5A and B, extensive chromatin condensation was seen at 12 h post-irradiation with UVB at 50 mJ/cm 2 . This condensation was significantly blocked by pre-treatment with MS-818 (500 mM). Thus, pre-treatment with MS-818 could protect HaCaT cells from UVB-induced cell damage.
Effect of MS-818 on UVB-Induced Elevation of TNF-a a Production in HaCaT Cells
It is well-known that UVB induces production of inflammatory cytokines, such as TNF-a and IL-10, in cells. Here, we examined the effect of MS-818 on the UVB-induced elevation of TNF-a production in HaCaT cells. As shown in Fig. 6 , UVB-irradiation at 100 mJ/cm 2 significantly elevated TNF-a production in HaCaT cells. This elevation was dose-dependently inhibited by pre-treatment with MS-818. However, post-treatment with MS-818 was ineffective (data not shown). Thus, MS-818 pretreatment suppressed the UVB-induced elevation of TNF-a production.
Effects of MS-818 on Melanogenesis in B16 Melanoma Cells and on Tyrosinase Activity in a Cell-Free System B16 cells were cultured in the presence of 100 mM MS-818 for 72 h in order to study the effects of MS-818 on melanogenesis. A preliminary experiment revealed that proliferation of melanoma (B16) cells was scarcely inhibited by MS-818 in the concentration range from 5 to 100 mM. As shown in Figs. 7A and B, a dark pigment was observed in B16 cells not treated with MS-818, while the accumulation was reduced to about 60% of the control in the cells treated with MS-818 (100 mM), indicating that MS-818 attenuated melanogenesis.
To investigate whether the inhibitory effect of MS-818 on melanogenesis involves direct inhibition of tyrosinase, the inhibitory effect of MS-818 was examined in a cell-free system using mushroom tyrosinase. As shown in Fig. 7C , the tyrosinase activity was hardly inhibited by MS-818 in the concentration range from 10 to 100 mM, indicating that the inhibitory effect of MS-818 on melanogenesis is not due to direct inhibition of tyrosinase.
Effect of MS-818 and MS-820 on Protein Expression of MITF and Tyrosinase
Since MITF plays a crucial role in melanogenesis as a regulator of tyrosinase, 21, 22) expression of MITF and tyrosinase was analyzed by Western blotting. As shown in Figs. 8A , B, MS-818 suppressed expression of both MITF and tyrosinase in a dose-dependent manner, while MS-820 did not. These data indicate that MS-818 inhibits melanogenesis via suppression of MITF and tyrosinase expression.
Activation of ERK by MS-818 Activation of ERK by MS-818 was examined in B16 melanoma cells, because ERK activation results in MITF phosphorylation, leading to ubiquitination and degradation of MITF. [23] [24] [25] As shown in Fig. 9 , sustained ERK activation was observed from 30 min after treatment with MS-818 (100 mM).
DISCUSSION
Environmental UV is injurious, especially to skin, eyes, and the immune system. 38) Public health institutions, including the WHO, recommend various ways for humans to protect themselves from the harmful effects of UV radiation, such as the usage of sunscreens, wearing protective clothing, and limiting time in the midday sun. 39) However, lifetime UV exposure is expected to increase as the average life expectancy of humans increases. Existing UV protective or skin-whitening agents are not sufficiently effective, 40, 41) so there is a need for more effective agents.
Heterocyclic pyrimidine compounds have various biological activities, including neurotrophic effects [29] [30] [31] [32] [33] and angiogenesis. 35, 36) Here, we investigated the effects of five heterocyclic pyrimidine (MS series) compounds on UVB-induced cell damage and on melanogenesis.
Among the compounds tested in this study, 2-piperadino-6-methyl-5-oxo-5,6-dihydro(7H)pyrrolo [3,4-d] pyrimidine maleate (MS-818) and 2-piperadino-7-methyl-6-oxo-5,6-dihydro(7H)pyrrolo [2,3-d] pyrimidine maleate (MS-820) showed low cytotoxicity to HaCaT cells. Further, MS-818 significantly and dose-dependently protected the cells from UVB-induced damage, though MS-820, an isomer of MS-818, was ineffective. This result suggested that the structure of MS-818 is critical for the protective function against UVB. One reason for the difference may be that the maximum absorption of MS-818 lies at around 280 nm, while this is not the case for MS-820 (data not shown). B16 melanoma cells were incubated with MS-818 or MS-820 in the concentration range from 10 to 100 mM for 72 h. Whole cell lysates were subjected to Western-blotting analysis using specific antibodies against MITF and tyrosinase. Equal protein loading was confirmed by using anti-b-actin antibody. Fig. 9 . Time-Dependent Effect of MS-818 on Activation of ERK B16 melanoma cells were incubated with MS-818 at a dose of 100 mM for the times indicated. Whole cell lysates were subjected to Western blotting using specific antibody against phosphorylated ERK. Equal protein loading was confirmed using ERK1/2 antibody.
TNF-a is known to be elevated in HaCaT cells exposed to UVB, and is associated with apoptotic cell death, inflammation, and immunosuppression. 15, 16) We found that UVB irradiation (100 mJ/cm 2 ) significantly elevated TNF-a in HaCaT cells, and this elevation was suppressed by MS-818 in a dose-dependent manner. Apoptotic cell death was also attenuated by MS-818 treatment.
Since hyperpigmentation, owing to overproduction and accumulation of melanin in the skin, is considered undesirable, particularly for women, compounds that modulate melanogenesis are of interest. Therefore, the effect of MS-818 on melanogenesis was examined in B16 melanoma cells. Melanogenesis in B16 melanoma cells was potently inhibited by MS-818 at 100 mM, a concentration that showed little cytotoxicity. Further, MS-818 did not directly inhibit the activity of tyrosinase, the rate-limiting enzyme in melanin synthesis, 23) although almost all skin-whitening agents currently used in cosmetics, such as kojic acid, suppress melanogenesis through inhibition of this enzme. 42) Since melanin biosynthesis is catalyzed by tyrosinase, the expression of which is strongly regulated by MITF, 21, 22 ) the effect of MS-818 on expression of MITF and tyrosinase was examined by Western blotting. It was found that MS-818 dose-dependently suppressed protein expression of MITF and tyrosinase, while MS-820, an isomer of MS-818, did not at any doses. Differences in the activity is considered to be the binding characteristics of each compound with transcriptional factors and other up-stream signaling proteins. These results indicate that MS-818 inhibits melanogenesis through suppression of MITF and tyrosinase expression. It has further been reported that MITF participates in expression of TRP-1 and TRP-2 as well as that of tyrosinase, 21, 22) and that compounds which can suppress the expression of these factors also have an inhibitory efficacy toward expression of TRP-1 and TRP-2. 43, 44) Therefore, MS-818 may also be able to influence upon not only the expressions of tyrosinase but TRP-1 and TRP-2. On the other hand, it is reported that expression of TRP-1 and TRP-2 is controlled by a different pathway from that of MITF. [45] [46] [47] Detailed examination is further required.
The ERK signaling cascade, which plays a crucial role in cell proliferation and differentiation, also participates in down-regulation of MITF. [23] [24] [25] Inhibition of the ERK pathway by the specific inhibitor PD 98059 causes elevation of tyrosinase activity and melanogenesis, 43, 48) while activation of ERK results in MITF phosphorylation at serine 73, leading to ubiquitination and degradation of MITF. We found that MS-818 caused sustained activation of ERK in B16 melanoma cells. Overall, our results indicate that the suppression of melanogenesis by MS-818 is due to a decrease of tyrosinase expression mediated by MITF. Activation of ERK also appears to be involved, and the effect of MS-818 on ERK signaling should be further investigated.
In conclusion, MS-818 protected epidermal cells from UVB-induced damage and also suppressed melanogenesis via an MITF-mediated decrease of tyrosinase expression. MS-818 appears to be a promising candidate for a UVBprotective as well as whitening agent for use in cosmetics.
